simultaneous acquisition of electron energy loss spectroscopy (EELS) data. Electron beam damage was identified by changes of the core loss fine structure after quantification by a refined and improved model based approach. At 200 kV acceleration voltage, damage in SrTiO 3 was identified by changes both in the EEL fine structure and by contrast changes in the STEM images. However, the changes in the STEM image contrast as introduced by minor damage can be difficult to detect under several common experimental conditions. No damage was observed in SrTiO 3 at 80 kV acceleration voltage, independent of probe current and exposure time. In La 0.7 Sr 0.3 MnO 3 , beam damage was observed at both 80 and 200 kV acceleration voltages. This damage was observed by large changes in the EEL fine structure, but not by any detectable changes in the STEM images. The typical method to validate if damage has been introduced during acquisitions is to compare STEM images prior to and after spectroscopy.
Introduction
Perovskite oxide materials have received a great deal of interest due to their magnetic and electronic properties [1, 2] . In bulk form they exhibit a wide range of functional properties, such as ferroelectricity [3] , ferromagnetism [4] , dielectric properties, and colossal magnetoresistance [4] . This range of properties are enabled by strong structure-function coupling, where small variations in structural parameters can result in large changes in functional response. In recent years there has been a resurgence of interest in these materials due to advances in thin film synthesis methods such as molecular beam epitaxy and pulsed laser deposition (PLD), where epitaxial growth can be controlled down to single monolayers [3] . By epitaxial growth and correct substrate use it is possible to control the structure, opening for new avenues for fine tuning functional properties.
One such control parameter is chemical substitution of the A-or B-cations.
For example, by replacing La with Sr in La 1−x Sr x MnO 3 the magnetic response can be tuned, and at x ≈ 0.3 maximum in colossal magnetoresistance is observed [5] . Strain engineering is another control parameter, by changing the in-plane lattice constant of the substrate the thin film's in-plane lattice spacings can be locked to the substrate's. This clamping can modify the crystal structure of the film, for example through biaxial strain and suppression of oxygen octahedral rotations [6, 7] . Oxygen vacancies constitute an important control parameter. It has been reported that by growing oxygen deficient La 0.5 Sr 0.5 CoO 3−δ on substrates with different lattice parameters, the oxygen vacancies can order in specific crystal directions [8] . Oxygen vacancies can also affect the conductivity of a material, for example turning the insulating SrTiO 3 into a conductor through charge transfer from the vacancy to the titanium atom [9] . In La 0.7 Sr 0.3 MnO 3 , the presence of oxygen vacancies can lead to breakdown of the ferromagnetic order by suppressing the double-exchange mechanism [10] . Lastly, crystal orientation of the substrate adds another control parameter. As materials often are anisotropic, growing films in different crystal orientations is paramount. The most studied substrate orientation has been the (100) orientation, however recently (111) oriented thin film systems have been realized [11, 12] . By relying on the discussed control parameters, it should be possible to fine tune functional properties and to tailor-make devices. However, the complex interplay between the different parameters makes it challenging to understand and characterize the relationship between structure and properties, generating a demand for high resolution spatial techniques.
Transmission electron microscopy (TEM) is one of the most used tools to study perovskite oxides [12, 13, 14, 15, 16, 17, 7] , and in particular embedded parts of the materials. In the latter years, the development of sub-Å resolution scanning TEM [18, 19] (STEM) combined with high energy resolution electron energy loss spectroscopy (EELS) has turned the combination of STEM and EELS into one of the most powerful tools to characterize the structure and electronic properties of perovskite oxides with atomic resolution [13, 14] .
EEL spectra are now used to collect information about chemical composition including cation diffusion [20] , cation oxidation state [21, 22] , crystal structure modifications [23] , and vacancies [15, 16] . These are all parameters that the functional properties are extremely sensitive to. However, a correct interpretation of structure-property relations relies on several sensitive steps in the characterization scheme: a) the high energy and flux of the electron beam used in modern TEMs can possibly modify the materials due to beam damage [24, 17, 25, 26, 27] , b) the interpretation of the fine structure information of the EEL core loss spectra rely on a correct handling of the plasmon background and modelling of the various features in the spectra, and c) the TEM sample preparation can possibly alter the inherent structure and properties of the materials.
In the present paper we have used STEM-EELS to systematically study 
Materials and method

Experiment
The beam exposure experiments were performed on LSMO/STO:Nb- (111) and LSMO/LaFeO 3 (LFO)/STO-(111) samples grown by PLD [11] . Cross section TEM lamellas were prepared by Focused Ion Beam (FIB), on a FEI Helios Nanolab DualBeam FIB, using standard lift-out technique. Prior to starting the FIB preparation, a 10 nm Pt/Pd layer was sputter coated on top of the wafer.
In the FIB an additional 80 nm Pt protection layer was deposited by electron beam assisted deposition, before adding a 3 µm carbon protection layer by ion beam assisted deposition. The coarse ion beam thinning was done at 30 kV.
Final thinning was performed with 5 and 2 kV ion beam acceleration voltages.
After FIB preparation, the TEM samples were milled for 20 seconds on each side with Ar-ions at 100 eV using a Gatan PIPS II. The TEM experiments were done on a double-corrected Jeol ARM200CF equipped with a Gatan Quantum ER, using an energy dispersion of 0.25 eV/channel and a collection semi-angle of 66 mrad. Low and core loss EEL spectra were acquired quasi-simultaneously using the DualEELS functionality on the Gatan Quantum. All STEM-high angle annular dark field (HAADF) data were acquired with inner and outer collection angles of 118-471 mrad. A HAADF-STEM overview of the sample is shown in 
EELS modelling
To extract physical relevant parameters from the EELS fine structure data, the model based approach was utilized [28] using the open source software HyperSpy [29] .
This approach works by fitting several components to an experimental spectrum, and the sum of these components is the model. These components are distributions or functions such as Gaussians or Hartree-Slater core loss ionization edges [30] . For modelling the Titanium L 2,3 core loss edge (transitions between 2p
1/2 and 2p 3/2 to 3d), four Gaussians were used (one for each peak), and two
Hartree-Slater edges which model the L 2 and L 3 ionization edges (Fig. 2b ). The
Manganese L 2,3 peaks were modelled in the same fashion, but only by using two Gaussians and two Hartree-Slater edges. The Oxygen-K edge was modelled using three Gaussians. The core loss ionization edge of the O-K edge was not modelled directly using its own component, due to the difficulty of setting a robust edge onset energy. However the changes in the fine structure were still picked up in a robust fashion using the Gaussians. For all core loss edges, one could use different components (such as Voigt functions) or add more Gaussians to potentially get better models. However, this would increase the amount of free variables, causing less robust fitting, which again could lead to misinterpretation of data. Thus the amount of components for each core loss edge was chosen so that, a) they would accurately model the changes of the EELS fine structure, b) they would fit the data robustly.
One advantage of the model based approach, is that the low loss plasmon signal is convolved with the core loss signal to account for multiple scattering.
Hence, possible artifacts introduced by more common deconvolution techniques are avoided. In addition, this will result in better fits, given that a suitable model of the core loss edges can be constructed. The steps for fitting the Titanium L 2,3 EELS fine structure are outlined below, similar to the process used by Tan et al. [31] to calculate the edge onset energy:
1. Calibrate the energy offset by using the zero loss peak (ZLP), which is acquired quasi-simultaneously.
Do principal component analysis (PCA) for increasing the signal-to-noise
ratio [21] .
3. Fit the power law background and freeze it.
4. Determine the Ti-L 3 ionization edge onset energy (Fig. 2a) .
(a) The edge onset energy is set to a percentage of the net height of the
(b) If this percentage value is set too low, the edge onset energy can be influenced by pre-edge noise. But if it is too high, the edge onset energy can be affected by the shape of the fine structure. For the present datasets, 10% of the net height of the peak was chosen, inline with Tan et al. [31] . 5. The Ti-L 2 edge onset energy is set the same way as Ti-L 3 , where the net height of the L 2 peak is calculated by using the lowest point between the L 2,3 peaks, and the highest point in the L 2 peaks (Fig. 2a) .
6. Lock the edge onset energy for both Ti-L 2 and L 3 .
7. Fit ionization edges to pre-and post-edge area (Fig. 2b , purple regions).
The L 2 ionization edge (green region) intensity is set to half the intensity of the L 3 [30] ionization edge (red region), due to that the 2p 3/2 and 2p would be somewhere in the middle. Thus, the mixed oxidation state spectrum peak width would be larger than the single oxidation state spectrum, which would be detectable through the sigma value of the L 3 and L 2 Gaussians [32] .
In co-junction with the Mn-L 3 core loss ionization edge onset [31] , this could be a robust way of detecting mixed oxidation state systems. For the Mn-L 2,3 datasets analyzed in this work there was the opposite effect, a narrowing of the EELS fine structure.
Assessing beam damage
Using the parameters from the Gaussians discussed above, one can calculate attributes. These attributes are values like the Ti-e g /t 2g ratio and Mn-L 2,3
energy separation, which can be used to calculate physical properties like oxidation states. To find when beam damage occurs in the material, one can find the point where the change in an attribute is significant, i.e. exceeds random variations. The beginning of the beam exposure is used as reference to set an initial value for the attribute for an undamaged region. For example between 0-10 nC/nm 2 in Fig. 5c . For the datasets analyzed in this work, the random noise in the attributes were relatively high (see Fig. 5c , blue transparent line) so the datasets were smoothed using a Gaussian blur (see Fig. 5c , orange line).
Next, a calibration dataset with very low electron beam current pr. area was for Manganese is shown in the supporting information.
Results and discussion
To assess the sensitivity of STO to electron beam exposure, several locations in vicinity to each other were exposed to different electron doses. An EELS line scan was acquired across these exposed locations to systematically quantify the EEL spectra. The result of such an experiment at 200 kV is seen in Fig. 3 .
The HAADF STEM image has five exposed locations with increasing dose going from the left to the right. Dashed green lines are the signal from the exposed regions, and the solid blue line is the reference from a location that was not exposed prior to the line scan. For the two least exposed locations, a) and b),
there are no detectable changes in the EELS fine structure of Ti-L 2,3 . For c)
there are some subtle changes highlighted with the arrows: the e g -peaks increase slightly compared to the t 2g -peaks. In d) and e) there are significant changes in the EELS fine structure. These changes match well with the corresponding changes in the HAADF signal intensity. This is consistent with a removal of atoms through electron-beam sputtering [24] , which leads to a thinner TEM foil. Electron beam sputtering is further confirmed by a strong decrease of the plasmon peak signal, seen in Fig. 2 in the supporting information. Even for c), with subtle EELS fine structure changes, there is a slight decrease in the HAADF intensity. Hence, for STO a change in the HAADF intensity can be used to indicate beam damage. In Fig. 3 [16] . In Fig. 5d the intensity ratio between the Ti-L 2,3 e g and t 2g peaks (highlighted in Fig. 5e ) is plotted. From about 7 nC/nm 2 electron dose there is a clear increase in the t 2g /e g ratio, consistent with a decrease in the Ti oxidation state [16] . This behavior is observed in all beam exposure experiments of STO at 200 kV: the t 2g /e g intensity ratio is the first detectable change in the fine structure, approximately at half of the electron dose compared to where changes are observed in the energy shift. Looking at the actual Ti-L 2,3 (Fig. 5e ) fine structure at certain points in time in the exposure experiment (noted by arrows in c) and d)), there is a clear change consistent with the quantified values in Fig.   5c and d. All these changes are consistent with a shift from Ti 4+ to Ti 3+ [16] .
The features quantified in the O-K core loss edge did not show any significant changes, so they are not presented here. However, as seen in Fig. 5f there are some subtle changes as a function of electron dose, mostly in peak D.
The same experiment was repeated for several probe currents, which were that is much larger than the region (2 nm wide) exposed during acquisition of the EELS map. This is most likely caused by oxygen diffusing from the nearby unexposed LSMO regions into the exposed region and driven by the gradient in concentration of oxygen vacancies.
When doing these kinds of long exposure acquisitions, one must first check whether the electron beam damages the material. If damage is observed, one must try to mitigate it somehow. As the example above shows, electron beam damage in STO can be avoided by using 80 kV. However, since this is not a viable option for LSMO the beam dose must be reduced somehow. The easiest way is by simply reducing the dwell time, but this will only work to a certain point due to the signal-to-noise ratio becoming too low. One solution is to increase the spectrometer dispersion, which lead to more electron counts in each detector channel. This gives an increase in signal-to-noise, since the effects of detector shot noise will be reduced. On the downside, this reduces the energy resolution of the EELS data, making it harder to resolve the fine structure. Another solution is to expose a larger area: doing several line scans in different regions, and aligning them in post processing with respect to some feature (for example an interface), and summing them. In the thin film systems presented in this work, this would lead to a large loss of spatial resolution in the in-plane direction, and small loss of spatial resolution in the out-of-plane direction (depending on the alignment procedure). In practice, several of these workarounds should be combined when acquiring datasets from beam sensitive materials.
Conclusions
In 
